As part of the rock mass, the two kinds of flaws such as the microcracks and joints both affect the strength and deformability of rock mass. A model which can simultaneously reflect the effect of these two kinds of flaws on the mechanical behavior of the rock mass with persistent joints is not yet available. This study focusses on the microcracked rock mass with persistent joints and establishes a mechanical model accounting for the anisotropy in the rock mass strength and deformability induced by the existence of the joints. Firstly, the compound damage variable from the coupling macroscopic and mesoscopic flaws is deduced based on Lemaitre strain equivalence hypothesis, then the corresponding damage constitutive model for jointed rock mass is set up. Thirdly, the joint shear failure criterion is incorporated into the above constitutive model to extend it. Finally, the results of the calculation examples show that the existence of the joint will reduce the rock mass strength, enlarge its deformability and make it anisotropic. A series of calculation examples and comparisons validate that the proposed model is capable of presenting the joint-induced anisotropy in rock mass strength and deformability, determining its possible failure modes and reasonably simulating its complete stress-strain relationship as well.
2 mesoscopic flaws which do not disappear because of the existence of the macroscopic flaws. Now many studies on the mechanical behavior of rock mass without macroscopic flaws show that the mesoscopic flaws and their evolution has much effect on its mechanical behavior, and cannot be ignored (Hamdi et al, 2011; Zhou et al, 2011; Kaushik et al, 2009 ). Liu et al (2013) have conducted an experiment to study the effect of these two kinds of flaws on rock mass mechanical property with similar material model.
They made the macroscopic flaw namely the joint in the sample by firstly cutting the sample into two parts then gluing them, and made the mesoscopic flaw namely microcracks by changing the sample's density.
The test results show that to the sample with a persistent joint whose inclination is 30º, the sample often shears to fail along the joint and its failure strength is larger when its density is large, and when its density is small, the tensile failure across the joint often occurs at the same time and its failure strength is smaller. So, how to comprehensively consider the co-effect of these two kinds of flaws in jointed rock mass on its mechanical property is an important subject to solve immediately. From the scale viewpoint of the damage and its identification, there is no strict limitation between the macroscopic and mesoscopic flaws, they are often related with the scale of the studied object. But for convenience in engineering analysis, it is necessary to classify the two kinds of flaws and then calculate their coupling effect (Yang and Xie, 2000) .
Also, because the joint is soft, the shear failure of rock mass often occurs along it. So, the joint shear strength will have much effect on rock mass strength and stress-strain relationship.
In this paper, two kinds of rock mass damage constitutive models based on the macroscopic and mesoscopic flaws are discussed in section 2 and 3, respectively. The damage variable (tensor) accounting for two kinds of flaws is set up based on Lemaitre strain equivalence hypothesis. The corresponding damage constitutive model for jointed rock mass is established. The shear failure mode of rock mass along the joint is employed to extend the above model.
Finally, we proposed a damage constitutive model for rock mass under uniaxial compression loading considering the joint shear strength, and it is tested with the calculation examples.
A damage constitutive model for rock with mesoscopic flaws
By means of statistical damage mechanics, a certain distribution of flaws in rock such as normal or Weibull distribution and so on is assumed so as to build up the mesoscopic cells with certain strengths in rock and to determine its damage extent. Thus, a damage statistical constitutive model for rock can be set up. Till now, much progress in the study of damage statistical constitutive models has been made (Li et al, 2012; Carmeliet. et al, 1995) . The establishment of a rock damage statistical constitutive model is mainly based on the following two aspects: (1) choose the strength criterion for rock mesoscopic elements, for instance, the maximum principle strain criterion, Mohr-Coulomb criterion and so on; and (2) determine the distribution law of the rock mesoscopic element's strength, for example, power function distribution, Weibull distribution and so on. Here, the damage constitutive model based on Weibull distribution and the maximum principle strain criterion is adopted.
Establishment of the damage statistical constitutive model based on Weibull distribution
The strength of mesoscopic elements follows the Weibull distribution function (Weibull, 1951; Tang, 1997; Keats. et al, 1997) 
where ε is an elemental strength parameter or stress level, it denotes strain since the strain strength theory is adopted here; 0 F and m are distribution parameters and m is the shape parameter or a homogeneous index of material which measures the concentration of ε ; and ( ) P ε is the percentage of damaged ones out of the total number of the mesoscopic elements in rock (Tang, 1997) .
Let N denote the number of all mesoscopic elements and n denote the number of all failed ones under a certain loading. The damage variable D can be directly defined as:
where D is a damage variable which takes a value between 0 and 1 corresponding to damage states of the rock from undamaged to fully damaged. ε , the total number of failed mesoscopic elements is:
Substituting Eq.(3) into (2) leads to:
Eq.(4) is the damage evolution equation of mesoscopic elements in the statistical constitutive model for rock.
The rock mesoscopic elements are assumed to follow Hooke law, which leads to:
where σ is stress, E and ε are the Young's modulus and strain for undamaged material, respectively.
Determination of distribution parameters
From Eq. (4) and (5), the following stress-strain relationship follows:
Eq. (7) can be obtained by natural logarithm operation on both sides of Eq.(6):
Obviously, Eq. (8) (1) Kawamoto et al. (1988) proposed a damage model for the rock mass with a single set of joints (parallel to each other):
where l is average space between two neighboring joints; V is the volume of rock mass; If there are M-sets of joints in rock mass, the damage tensor Ω of the rock mass will be given as the sum of all the related damage tensors
2, …, N) obtained with the above equation (10):
(2) Dragon and Mroz (1979) established their damage models for rock and concrete as follows: For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.
coupling of them is that of their corresponding damage variables (Yang and Xie, 2000) .
In calculation of the coupling damage variable, the following hypotheses are adopted: ① The macroscopic and mesoscopic flaws are divided with naked eyes, and the macroscopic damage caused by the macroscopic flaws is regarded to be anisotropic, while the mesoscopic damage caused by the mesoscopic flaws is isotropic. ② The two kinds of damages are described with different methods, which has been introduced in Section 2 and 3 respectively.
③ The calculation method of the coupling damage variable should follow Lemaitre hypothesis namely the strain equivalence principle which is the basic hypothesis of the damage mechanics.
The condition of damage coupling is that the damage strain caused by the coupling damage is summation of that by two kinds of damages respectively, shown in Fig.1 . 
According to the Lemaitre strain equivalence hypothesis which is a basic principle in damage mechanics (Lemaitre, 1971) , there is 
From Lemaitre strain equivalence hypothesis, it is known that:
where D 12 is the damage variable along the load direction caused by both the macroscopic and mesoscopic flaws.
Substituting Eq. (17) into Eq. (16), we obtain:
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namely it does not subtract the strain caused by the sample in Fig.1(d) , so its strain was larger than the real one.
Because (1) For the rock mass with one single group of joints, assume the joint inclination is β, shown in Fig.2 and the unit normal vector of the joint is n , N is: For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.
strain-softening stage. For simplification, the segment CD of this curve will be seen as the strain-softening stage after the material shears to fail along the joint. It will be moved to point A, and the curve OAE will be the stress-strain curve of the rock mass considering the joint shear failure. (Ling and Sun, 1993) . Curve 3: the calculation curve of rock mass with a β=45º joint.
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Meanwhile, the slope of its stress-strain curve is obviously less than that of the intact rock, which
indicates that the existence of the joint greatly reduces the elastic modulus of the rock mass and increases its flexibility. For this calculation example, the peak strength and elastic modulus of the rock mass with a joint are 6.67MPa and 4 833MPa, only 14.4% and 69.5% of those of the intact rock. ③ From the characteristic of the sample's stress-strain curves, the strength and total strain of the jointed rock mass are much less than those of the corresponding intact rock.
It indicates that the jointed rock mass easily fails along the joint under the compression loading, which leads to much less axial load and strain. Meanwhile it is noted that this model has some shortages that it does not perfectly consider the deformational parameters of the joint such as the joint closure modulus, shear stiffness and so on. It will probably lead to less calculation deformational value. Because the joint will produce some compressive closure and shear deformation under loading, they will have effect on the sample's total deformation, which is not well considered in this model. 
Conclusion and discussion
In this paper, a method incorporating the deformation and strength of intact rock and joints is proposed so that the complete pre-and post-peak Cherepanov (Cherepanov, 1977) showed that the interaction among the joints does exist and it is relevant to many parameters such as the joints span, joint length and joint row interval. The issue should be studied further in the next work.
